Anaphase DNA bridges induced by lack of RecQ5 in Drosophila syncytial embryos  by Sakurai, Haruna et al.
FEBS Letters 585 (2011) 1923–1928journal homepage: www.FEBSLetters .orgAnaphase DNA bridges induced by lack of RecQ5 in Drosophila syncytial embryos
Haruna Sakurai, Misa Okado, Fumiaki Ito, Katsumi Kawasaki ⇑
Division of Biochemistry, Faculty of Pharmaceutical Science, Setsunan University, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 2 February 2011
Revised 25 April 2011
Accepted 28 April 2011
Available online 9 May 2011
Edited by Ned Mantei
Keywords:
RecQ
DNA repair
Double-strand break
Anaphase bridge
Nucleus
Drosophila melanogaster0014-5793/$36.00  2011 Federation of European Bio
doi:10.1016/j.febslet.2011.04.074
Abbreviations: DSBs, double-strand breaks; Mnk, m
phosphorylated histone H3; His2Av-mRFP1, monome
tagged histone 2AvD; DAPI, 40 ,6-diamidino-2-phenyli
⇑ Corresponding author. Address: Division of Bioch
ceutical Science, Setsunan University, 45-1, Naga
573-0101, Japan. Fax: +81 72 866 3117.
E-mail address: kawasaki@pharm.setsunan.ac.jp (KDrosophila melanogaster RecQ5, a member of the RecQ family, is expressed in early embryos. The
loss of maternally-derived RecQ5 leads to spontaneous mitotic defects in syncytial embryos. We
demonstrate that the mitotic defects are derived from anaphase DNA bridges. Pairs of daughter
nuclei that had been linked by the bridges concurrently exited from the cycle and were eliminated
by Chk2-dependent centrosome inactivation. These results suggest that the lack of RecQ5 leads to
spontaneous double-stranded DNA breaks (DSBs). RecQ5 may function in the resolution of anaphase
DNA bridges during mitosis or in DSB repair during interphase in syncytial Drosophila embryos.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction RecQ5 leads to spontaneous mitotic defects in syncytial embryosRecQ is one of the DNA helicases conserved from prokaryotes
to higher eukaryotes. It was ﬁrst identiﬁed as a gene involved in
the repair of double-stranded DNA breaks (DSBs) in Escherichia
coli [1]. There are ﬁve members identiﬁed in the human RecQ
DNA helicase family, i.e., RECQL, BLM, WRN, RECQL4, and RECQL5.
Malfunction of BLM, WRN, and RECQL4 leads to the Bloom
syndrome, Werner syndrome, and Rothmund-Thomson syn-
drome, respectively [2–4]. Yet, no genetic disorders or biological
functions linked to a mutation in RECQL or RECQL5 have been
identiﬁed.
RecQ5 is a well-conserved and ubiquitously-expressed gene in
multicellular organisms [5,6]. A Recql5 deﬁciency in mice results
in predisposition to cancer [7]. Moreover, Recql5-deﬁcient embry-
onic stem cells and mouse embryonic ﬁbroblasts exhibit signiﬁ-
cantly higher levels of sister-chromatid exchanges than their
wild-type counterparts, suggesting that RecQ5 functions protec-
tively in embryonic cells [8].
InDrosophilamelanogaster, RecQ5 is highly expressed in the early
embryo [9]. Previously,we found that the loss ofmaternally-derivedchemical Societies. Published by E
aternal nuclear kinase; PH3,
ric red ﬂuorescent protein 1-
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. Kawasaki).[10]. However, it remains to be elucidated how thesemitotic defects
emerge and result in exit from the nuclear cycle in embryos derived
from recq5 homozygous mutant females (hereafter referred to as
‘recq5 embryos’).
To address these questions, we monitored centrosomes, mitotic
spindles, and chromatin by time-lapse imaging analysis in this
present study. Anaphase bridge formation between segregating
chromosomes in recq5 embryos led to abnormal nuclei that exited
from the nuclear cycle. In addition, the context of anaphase bridges
and the involvement of the Chk2-related DSB checkpoint were
investigated. We propose that RecQ5 might function in the resolu-
tion of knot-like DNA structures during mitosis, or in DSB repair
during interphase in syncytial Drosophila embryos.
2. Materials and methods
2.1. Fly stocks
Flies were maintained at 25 C by using standard techniques
[11]. mnk6006 was a gift from Theurkauf and co-workers [12].
recq5D1 and recq5D2 were generated as described previously [10].
Both recq5D1 and recq5D2 mutants are null RecQ5 mutants.
2.2. Immunostaining of Drosophila embryos
Embryos were prepared and stained as described previously
[10]. The dilution ratio of anti-phosphorylated histone H3 (PH3,lsevier B.V. All rights reserved.
1924 H. Sakurai et al. / FEBS Letters 585 (2011) 1923–1928Upstate) and anti-c-tubulin (clone GTU88, SIGMA) were 1:500
and 1:1000, respectively. DNA was stained with 1 lg/ml
propidium iodide (PI). The stained embryos were observed
under a confocal laser-scanning microscope (FV-1000, OLYMPUS,
Japan).
2.3. Live Imaging
Embryos were collected at 30–90 min after egg laying. Time-
lapse imaging was performed with a confocal laser-scanning
microscope as described previously [10], using transgenic lines
expressing monomeric red ﬂuorescent protein 1-tagged histone
2AvD (His2Av-mRFP1) [13] and green ﬂuorescent protein-tagged
Jupiter (Jupiter-GFP, 17328-GFP) [14]. Cortical divisions were
imaged. Images were obtained with the confocal microscope at
10-s intervals.
2.4. Embryo squashes and quantiﬁcation of DNA
Analysis of squashed embryos was performed as described by
Rickmyre et al. [15]. Samples were mounted with Prolong Gold
Antifade Reagent containing 40,6-diamidino-2-phenylindole
(DAPI, Invitrogen). Late anaphase and telophase ﬁgures (cycles
5–7 and cycles 10–13, respectively) were examined. The pres-
ence of one or more linkages with knots between DNA masses
segregating to opposite poles was scored as a bridging defect.Fig. 1. Asynchronously-behaving nuclei emerge in syncytial embryos lacking maternal Re
(green, E–H). In embryos lacking maternally-derived RecQ5 (recq5D1/recq5D2), asynchron
shown (I–L). The frequency of appearance of asynchronous nuclei is speciﬁed according
nuclei that appeared as single, paired or multiple. The frequency of defects in recq5 embry
number of embryos scored is also indicated.3. Results
3.1. Abnormal nuclei are clustered in recq5 embryos
Histone H3 is mitosis-speciﬁcally phosphorylated at its ﬁrst ser-
ine residue, and it is known as PH3 [16]. The PH3 signal appeared on
chromosomes in mitosis in the syncytial embryos (Fig. 1E and I).
However, early embryos lacking maternally derived RecQ5 con-
tained some PH3-negative nuclei, whereas all neighboring nuclei
were synchronously in mitosis and PH3 positive (Fig. 1F and J)
[10]. The major population of asynchronous nuclei comprised pairs
of nuclei in the recq5 embryos (Fig. 1G, K and M). In addition, more
than three irregular nuclei were sometimes found to be clustered
(Fig. 1H and L). These results suggest that the abnormal nuclei are
clustered in the recq5 embryos.
3.2. Spindle dynamics is normal in recq5 embryos
The cluster of abnormal nuclei in recq5 embryosmight have been
due to locally affected spindledynamics in the cytoplasmor to clonal
generation of irregular nuclei. To address these possibilities, we
adopted time-lapsemicroscopy using His2Av-mRFP1 [13] and Jupi-
ter-GFP [14]. Jupiter is a microtubule-associated protein, and the
observation of Jupiter-GFP revealed that the spindle microtubule
dynamics in recq5D1/recq5D2 embryos was indistinguishable in
terms of shape and size from that in the wild-type embryoscQ5. Embryos (cycles 10–13) were stained with PI (red, A–D) and anti-PH3 antibody
ous nuclei, in which PH3 was absent, arose in the embryos. Merged images are also
to their type of pattern (M). The data indicate the numbers of normal and abnormal
os was signiﬁcantly different from that for the wild-type ones (P < 0.01, v2-test). The
Fig. 2. Live-imaging analysis of nuclear components in syncytial embryos lacking maternally-derived RecQ5. Live embryos expressing His2Av-mRFP1 and Jupiter-GFP, which
afforded visualization of histone (red) and microtubules (green)/centrosomes (green), respectively, were analyzed by time-lapse confocal microscopy. Images were obtained
from real-time imaging analysis of syncytial embryos with (wild-type, A) or without (recq5D1/recq5D2, B–D) a supply of maternally-derived RecQ5. Asynchronous nuclei are
marked with arrows in recq5D1/recq5D2. Each panel presents prophase (a, a2), metaphase (b, b2), anaphase (c, c2 and d, d2), telophase (e, e2), and interphase (f, f2, g and h). The
black and white inserts represent the image of His2Av-RFP1 in panel ‘‘d’’ of A, B, and D, and in panel ‘‘e’’ of C. Time points (min) at which images were captured are labeled on
panels.
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exited from cell cycle followed by their descent from the cortex.
3.3. Abnormal nuclei are generated clonally in recq5 embryos
Time-lapse microscopy revealed that pairs of abnormal nuclei
were clonally generated from single parent nuclei (Fig. 2B–D,Supplementary video). The parent nucleus and its daughter nuclei
proceeded synchronously with the surrounding nuclei in prophase
(Fig. 2, a), metaphase (b), anaphase (c, d), telophase (e) and inter-
phase (f). Before the irregular nuclei descended into the interior of
the syncytium (Fig. 2B, h), the signal of Jupiter-GFP, corresponding
to the centrosome, disappeared from a pair of irregular nuclei
(Fig. 2B, g). A pair of irregular nuclei exited concurrently from the
1926 H. Sakurai et al. / FEBS Letters 585 (2011) 1923–1928nuclear cycle and immediately descended into the interior. This
pattern was the major one (23 out of 30 cases).
In the 2nd pattern of irregular nuclei (4 out of 30 cases), the
signal of Jupiter-GFP similarly disappeared from both irregular
nuclei after mitosis (Fig. 2C, f). However, the irregular nuclei stayed
at the surface longer beyond interphase until the next metaphase
or anaphase (Fig. 2C, b2 and c2). In Fig. 2B and C, a pair of irregular
nuclei failed to assemble their anastral spindle and descended
concurrently.
In the 3rd pattern (3 out of 30 cases), there was irregular spindle
formation and delayed initiation of anaphase (Fig. 2D). The arrow
marks a nucleus in which the chromosomes were not regularly
aligned on the metaphase plate, and the mitotic spindle was
formed but somewhat deformed (Fig. 2D, b). This nucleus was late
in initiating anaphase (Fig. 2D, c) and then failed to complete
anaphase successfully, whereas its neighbors completed telophase
(Fig. 2D, d and e). Thereafter, this nucleus sank into the interior of
the embryo (Fig. 2D, f and g). This phenotype of a shortened,
barrel-shaped spindle with chromosomes in poor congress is very
similar to what has been reported in the case of Chk2-mediated
centrosomal inactivation [12].
3.4. Anaphase-bridge structure results in exit from the nuclear cycle in
syncytial recq5 embryos
In irregular nuclei, the His2Av-mRFP1 signal abnormally
connected segregating chromosomes at anaphase or telophase
(Fig. 2B–D, insets), followed by exit from the nuclear cycle. These
results indicate that the bridge-structures between segregating
chromosomes resulted in exit from the nuclear cycle in the recq5
embryo.
3.5. DNA-bridges in anaphase induced by the lack of maternal RecQ5
The presence of these bridge-like structures suggested chromo-
somal lagging or a linkage between segregating chromosomes. To
investigate these possibilities, we squashed embryos to visualize
the DNA for quantifying the bridges. Most of the chromosomes
were completely separated at cycles 5–7 (Fig. 3A and C). During
cycles 10–13, DNA connected segregating chromosomes in someFig. 3. Anaphase DNA bridges in recq5 embryos. Syncytial embryos were squashed, and
telophase ﬁgures of chromosomes with normal (A, C) or bridging (B, D) structures. (E) Q
(wild-type) or without (recq5D1) maternal RecQ5 supplied. The data indicate the numbeanaphase nuclei (Fig. 3B and D). Multiple bridges were often
present and contained intense spots of DAPI. No lagging chromo-
somes were seen in the embryos. The multiplicity and complexity
of the bridge-like structures with knots were increased in the recq5
embryos (Fig. 3D). Moreover, the frequency of DNA bridging in
recq5 embryos was 4-fold higher than that in wild-type embryos
at cycles 10–13 (Fig. 3E). These results suggest that the lack of
maternal RecQ5 caused defects in chromosome segregation such
as unwreathing of the knot-like structures that had formed
between sister chromatids.
3.6. Centrosome inactivation in asynchronous nuclei of syncytial recq5
embryos
The signals of Jupiter-GFP, which correspond to centrosomes,
disappeared before the elimination of nuclei from the surface, sug-
gesting that the centrosomes had become inactivated (Fig. 2B–D).
The loss of c-tubulin from centrosomes of the mitotic spindle is a
characteristic feature of Chk2-mediated centrosomal inactivation.
In the metaphase of recq5 embryos, irregular nuclei in which the
chromosomes had not condensed had lost c-tubulin signals as well
as PH3 signals (Fig. 4A–D). We detected decreased c-tubulin stain-
ing of irregular nuclei in recq5 embryos compared with the staining
intensity of normal nuclei during mitosis (Fig. 4E and F). These data
indicate that the centrosomes of the asynchronous nuclei had been
inactivated.
3.7. Asynchronous nuclei are eliminated by Chk2-related DSB
checkpoint in syncytial recq5 embryos
Centrosomal inactivation is a characteristic feature of the DSB
response by maternal nuclear kinase (Mnk), which encodes
Drosophila Chk2; the damaged nucleus is eliminated from the
cortex in Drosophila syncytial embryos [12]. The inactivation of
centrosomes associated with the asynchronous nuclei in recq5
embryos was suppressed when both maternal Chk2 and RecQ5
were absent from the syncytial embryo (Fig. 4G–J). In addition,
the nuclear descent from the cortex was also suppressed
(Fig. 4G–J). DSBs cause centrosome inactivation and centrosomal
detachment from spindle poles in wild-type embryos, dependentthe DNA was stained with DAPI. (A–D) Representative images of late anaphase to
uantiﬁcation of DNA-bridging at anaphase to telophase in squashed embryos with
rs of normal or bridging DNA ﬁgures scored.
Fig. 4. Centrosome inactivation in asynchronously-behaving nuclei occurs in the recq5 embryo. Embryos lacking maternal RecQ5 (recq5D1) or RecQ5 and Chk2 (mnk; recq5D1)
were stained with anti-PH3 antibody (cyan, C), anti-c-tubulin antibody (green, B), and PI (red, D). A, E, G, and I represent the merged images of PH3, c-tubulin, and PI staining;
whereas B, F, H, and J represent images of c-tubulin staining. The regions containing abnormal nuclei with diminished c-tubulin staining of centrosomes are circled (A–F). A–
D: recq5D1 metaphase; E, F: recq5D1 prophase; G, H: mnk; recq5D1 prophase; I, J: mnk; recq5D1 prometaphase.
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an irregular nucleus in recq5 embryos represents a consequence of
centrosomal inactivation. These results also suggest that the lack of
maternally-derived RecQ5 results in DSBs, which are recognized by
the Chk2 checkpoints.4. Discussion
In this study, we demonstrated that DNA-bridges in anaphase
are increased in frequency in recq5 embryos (Fig. 3) and that a pair
of abnormal daughter nuclei concurrently exit from the synchro-
nous nuclear cycle (Fig. 2). They are eliminated by Chk2-dependent
centrosome inactivation (Fig. 4). These results indicate that the
lack of RecQ5 leads to the chromosome segregation defects in
the syncytial blastoderm. Sometimes more than three irregular nu-
clei were clustered (Fig. 1H and L). These results suggest that the
deﬁciency in RecQ5 caused some unknown aberrancy that resulted
in tiny lesions that spread through the multiple nuclear divisions,
ﬁnally recognized by cell-cycle checkpoints.
In theDrosophila early embryo, 13 syncytial nuclear divisions oc-
cur without cytokinesis after fertilization [17]. Though the Mei-41/
Grapes-mediated DNA checkpoint (ATR/Chk1) is not operational
until the later syncytial cycles, the Chk2-mediated DNA checkpointfunctions in earlier syncytial cycles [12,15,18]. By the analysis of
squashed embryos, we observed DNA-bridge structures in recq5
embryos at cycles 10–13, but not at cycles 5–7 (Fig. 3). These data
are consistent with previous results showing that the irregular
asynchronous nuclei spontaneously emerge and exit from the nu-
clear cycle during cycles 11–13 in recq5 embryos [10]. Furthermore,
these DNA-bridge structures contained knot-like spots of intense
ﬂuorescence. We speculate that these anaphase-bridges in recq5
embryos were composed of both DNA and histones and that these
knot-like spots represent the damaged DNA regions or unknown
DNA structures between sister chromatids. Such unknown DNA
structures might have broken after chromosome segregation,
resulting in DSBs in the daughter nuclei. In this case, RecQ5 may
serve to resolve this unknown DNA structure. Alternatively, DNA-
bridge structures with knots might already contain DSBs during
interphase, and deliver these DSBs to the daughter nuclei. RecQ5
would be involved in DSB repair during replication, possibly at rep-
lication fork stalling. Consequently, the DSBs would be recognized
by the Chk2-dependent pathway, following inactivation of the cen-
trosomes and descent of the nuclei from the cortex [12].
This study reveals for the ﬁrst time that a deﬁciency in RecQ5
increases DNA-bridge formation between segregating chromo-
somes in Drosophila. Thus, it is possible that RecQ5 plays important
roles in the resolution of DNA-bridges or/and in prevention of their
1928 H. Sakurai et al. / FEBS Letters 585 (2011) 1923–1928formation. Future experiments are required to address these issues
and to assess the roles of RecQ5 in the completion of DSB repair
during replication.
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